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(57) ABSTRACT

A circuit for providing power factor correction comprising a
boost converter circuit having a boost inductance and a
power lactor correction switch coupled 1n series with the
boost inductance, the boost inductance and power factor
correction switch being coupled across the output of a
rectifier being supplied with AC power from an AC line, the
boost converter circuit further comprising a boost diode
coupled to a junction between the inductor and the switch,
an output of the boost diode coupled to an output capacitor,
a DC bus voltage being provided across the output capacitor,
further comprising a control circuit receiving as inputs a
rectified AC iput voltage from the rectifier, a signal pro-
portional to current through the inductor and the DC bus
voltage across the capacitor, and wherein the control circuit
provides a pulse width modulated signal to control the on
time of the PFC switch, further comprising an enable/disable
circuit recerving as mnputs the rectified AC mput voltage and
the DC bus voltage, the circuit mstantaneously comparing
the rectified AC mput voltage and the DC bus voltage and
controlling the control circuit whereby the control circuit
provides the pulse width modulated signal to control the
PFC switch when the rectified AC mput voltage 1s less than
the DC bus voltage and disables the generation of the pulse

(56) References Cited width modulated signal to the PFC switch when the rectified
AC mput voltage 1s greater than DC bus voltage.
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HIGH FREQUENCY PARTIAL BOOST
POWER FACTOR CORRECTION CONTROL
CIRCUIT AND METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit and priority of Provi-
sional Application Ser. No. 60/583,732 filed Jun. 28, 2004,

entitled A NEW HIGH-FREQUENCY PARTIAL BOOST
POWER-FACTOR-CORRECTION CONTROL
METHOD, the entire disclosure of which 1s hereby incor-
porated by reference herein.

BACKGROUND OF THE INVENTION

The present invention relates to power factor correction
circuits, that 1s, circuits for reducing the distortion and
harmonics generated in a power line feeding a power supply,
and i particular a switched mode power supply. Power
factor correction (PFC) circuits are utilized to reduce har-
monics on power lines and in particular, make the circuit,
including the attached load, appear to be a substantially
purely resistive load. The aim of power factor correction
circuits 1s to ensure that the AC voltage and current are
substantially 1n phase. This improves efliciency and at the
same time eliminates the generation of harmful harmonics.

In the past, passive solutions as shown in FIG. 1 have
been employed. An inductor 1s provided at the output of the
rectifier. Because the inductor operates at the line frequency,
the physical size and inductance size are normally very
large, requiring high costs and increasing size of the circuat.
The input current wavetform 1s smoothed, but typically does
not meet today’s regulation requirements.

FIG. 2 shows another prior art approach that provides an
active solution wherein a controllable switch S 1s added
together with a series inductor ahead of the rectifier. This
switch 1s turned on for a short time period every half cycle
of the line frequency, for example, 120 Hz or 100 Hz.
Manufacturers use this method to smooth the 1nput current
which may satisty some applicable regulation standards, in
particular 1n Japan, but may not meet the strict IEC standard
for the European markets. Also the inductor operates at the
line frequency and 1ts physical size and inductance are still
large, resulting 1n still high costs and circuit size.

A third approach 1s another active solution which uses
high frequency full boost power factor correction. This 1s the
most popular PFC control method and 1s shown 1n FIG. 3
providing DC voltage to a motor drive iverter INV driving,
a motor ML. A switch, for example an IGBT Q,, 1s switched
at high switching frequency normally 1n the 50 KHz to 100
KHz range. It can achieve nearly 100% power factor which
actually exceeds most regulation standards. Because of the
high frequency PWM, 1t requires a small physical size
inductor and a small size inductance. However, even this
circuit has drawbacks. In particular, the high frequency
PWM switching causes high switching losses, less efliciency
and creates electromagnetic interference (EMI) noise and
100% PFC may be more than 1s necessary for many design
applications.

An aim of the present invention 1s to meet applicable
regulation standards but not necessarily exceed such stan-
dards thereby to trade ofl power factor for reduced losses
and increased efliciency by reducing switching losses and
noise generation. FIG. 4 shows wavelorms of the conven-

tional active high frequency full boost PFC circuit shown in
FIG. 3.
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2
SUMMARY OF THE INVENTION

The invention provides an alternative PFC circuit and
method. Depending on the regulation requirements,
tradeofls can be made between PFC performance (power
factor and harmonic generation) and switching losses and
elliciency. This method uses a similar circuit topology as the
conventional high frequency boost PFC circuit shown 1n
FIG. 3, but with a different control concept.

According to the invention, a partial boost PFC 1s
employed which instantaneously compares the AC 1nput
voltage with the DC bus voltage and, on top of the active
boost PFC control loop, enables and disables the PFC PWM
switching for a certain period of each line cycle. When the
input voltage 1s less than the DC bus voltage, the generation
of PWM switching signals 1s enabled and the switch 1s
switched at high frequency, for example at 50 KHz. Due to
the high bandwidth current loop, the input current 1s built up
in the shape of a sinusoidal reference which 1s generated by
the voltage loop. When the mput voltage 1s greater than the
DC bus voltage, the generation of PWM switching signals 1s
disabled. Relying on the diflerence between the mput volt-
age and the DC bus voltage, both the rectifier and PFC diode
will still conduct, and 1nput current continuously flows. In
this partial PFC operation, the closed loop current control 1s
maintained during the period when the PWM switching 1s
enabled and globally closed voltage loop control 1s main-
tained.

BRIEF DESCRIPTION OF THE DRAWING(S)

The invention will be now be described 1n greater detail
in the following detailed description with reference to the
drawings 1n which

FIG. 1 shows a prior art passive PFC circuit;

FIG. 2 shows a prior art active PFC circuat;

FIG. 3 shows yet another active PFC circuit;

FIG. 4 shows waveforms 1n the circuit of FIG. 3;

FIG. 5 shows the high frequency partial PFC circuit
according to the present ivention;

FIG. 6 shows waveforms in the circuit of FIG. 5;

FI1G. 7 shows further wavetorms 1n the circuit of FIG. §;

Other objects, features and advantages ol the present
invention will be apparent from the following detailed
description.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS OF THE INVENTION

With reference again to the drawings, FIG. 5 shows the
PFC circuit according to the present imnvention. The circuit
includes a bridge rectifier BR1 fed from the AC supply. The
rectified AC 1s provided to the boost inductor L1. A PFC
switch Q1 1s coupled 1n series with the inductor and across
the output of the bridge rectifier after the inductor. The boost
diode BD 1s coupled 1n series with the inductor L1 and the
output capacitor C1 1s coupled at shown at the output of the
boost converter circuit in known fashion. The voltage across
the capacitor C1 comprises the DC bus voltage which 1s
provided to a load which might comprise, for example a DC
to AC mverter driving a three phase motor load ML, for
example.

The output of the DC bus V. 1s provided to an A to D
converter 10 which has as iputs the DC bus voltage V -,
the current I,,, 1n the imnductor L1 as sensed by a resistor R
or by other sensing means, as well as the rectified AC 1mnput
voltage V... The A to D converter produces three outputs
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comprising digital implementations of the DC bus voltage,
VdcFdb, the input voltage V., and the inductor current V ..
Although a digital implementation 1s shown for the circuit,
the circuit can also be implemented with analog compo-
nents. V., and V5. are also provided to a circuit 40, to be
described below.

The circuit comprises a ramp generator 20 which receives
a DC target voltage VdcTgt. The output of the ramp gen-
erator 1s provided to a difference circuit 22 in which the DC
bus voltage 1s subtracted from the ramp voltage. This 1s fed
to a voltage regulator which may comprise a PI controller
24. The output of the PI controller 24 1s fed to a multiplier
circuit 26 wherein the voltage output from the voltage
regulator (PI controller) and the mput voltage V.., are
multiplied. This results 1n a reference PFC signal IREF_PFC
28, from which the inductor current i1s subtracted in a
difference stage 30. The output of this difference stage 30 1s
ted to a current regulator 32 comprising a PI controller. The
output of the controller 32 1s fed to a comparator 34 wherein
the PWM signal 1s generated by comparing an oscillator
signal typically a ramp or sawtooth signal 36 generated by
an oscillator with the output of the controller 32. This
controls the duty cycle of the PWM signal provided to
control the switch QI and thereby control the power factor
correction.

A PFC enable signal 1s provided to blocks 20, 24, 32 and
34 to disable PFC operation from another circuait.

The described control circuit 1s substantially the conven-
tional circuit as shown 1n FIG. 3. The voltage regulation loop
of FIG. 3 comprises the components 20 and 24 wherein the
DC bus voltage and the target voltage are compared to
provide the voltage regulation control signal fed to the
multiplier 26. The current loop includes the components 32
and the PWM comparator 34 whose output 1s coupled to
control the switch Q1.

According to the invention, a partial PFC controller 40 1s
provided which 1s fed the control signals V., and V.,
preferably in digital form. It can also be implemented in
analog form, within the concept of the invention. As belore,
V ., 1s the instantaneous rectified AC input voltage and V-
1s the instantaneous DC bus voltage. Partial PFC control
circuit 40 operates as follows. Circuit 40 compares the
rectified AC input voltage V ,,, with the DC bus voltage V ..
When the rectified AC nput voltage 1s less than the DC bus
voltage, partial PFC controller 40 provides a signal to the
PWM comparator 34 to enable the PWM comparator,
thereby providing PWM signals to control the on time of
switch Q1. This 1s performed at a high frequency, for
example 50 KHz as in the prior art. Due to the high
bandwidth current loop, the input current 1s built up in the
shape of a sinusoidal reference IREF_PFC which 1s gener-
ated by the voltage loop. When Vin 1s greater than Vdc, that
1s, when the rectified AC mput voltage 1s greater than the DC
iput voltage, PWM switching of the switch Q1 1s not
necessary for many applications, and therefore the genera-
tion of PWM switching signals 1s disabled. Partial PFC
controller 40 provides a shutdown signal to the PWM
comparator 34 to disable PWM operation and accordingly
switch Q1 1s maintained 1n an off state. However, because
the rectified AC input voltage 1s greater than the DC bus
voltage, the bridge rectifier and the boost diode BD will
continue to conduct and input current will flow continuously.

In this partial PFC operation, the closed loop control
current 1s maintained during the period when the PWM
switching 1s enabled and globally closed loop voltage loop
control 1s maintained.
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4

FIG. 6 shows the control timing of the high frequency
partial PFC circuit of FIG. 5. FIG. 6 shows the rectified AC
iput voltage V., and the DC bus voltage V.. As shown,
when the rectified AC mput voltage 1s greater than the DC
bus voltage, the PWM switching 1s disabled. The PWM
switching 1s enabled when the rectified AC input voltage 1s
less than the DC bus voltage. FIG. 6 also shows the inductor
current IN.

FIG. 7 shows signals 1n the circuit of FIG. 5 including the
PWM control signal, DC bus voltage, the AC input voltage
and the AC mput current. As shown by the PWM control
signal, when the rectified AC input voltage exceeds DC bus
voltage, the PWM switching 1s disabled.

Table 1 compares the measured power factor THD (total
harmonic distortion) and efliciency comparing a simple
diode bridge rectifier circuit, the invented partial boost PFC
circuit and the conventional full boost PFC circuit shown 1n
FIG. 3. Major features of the circuit according to the
invention are as follows: improved crest factor and THD 1n
comparison with the bridge rectifier circuit.

Because the switching frequency 1s high when PWM
switching 1s enabled, the PFC inductor size and costs are
much less than the existing prior art solutions of FIGS. 1 and
2 where the PFC switching frequency 1s only at the line
frequency.

TABLE 1

Comparison of Measured Power Factor and Efliciency

Conventional
Diode Bridge Invented Partial Full
Rectifier Boost PFC Boost PFC

Vde (V) 295.8 308.5 307.5
Vin__mms (V) 231.8 224.3 192.3
Input Power Pin (W) 528 584 591
Output Power Po (W) 521 567 563
Iin__peak (A) 7.42 5.15 492
Iin_rms (A) 3.21 2.69 3.10
Crest Factor 2.31 1.91 1.59
THD (%) 90.66 19.03 R.26
Power Factor 0.710 0.967 0.991
Efficiency (%) 98.7 97.1 95.3

Because fewer switching events occur than in the con-
ventional boost PFC shown 1n FIG. 3, there 1s less switching
loss and noise. This can improve efliciency while achieving
relatively good PFC performance.

Although the present mmvention has been described in
relation to particular embodiments thereof, many other
variations and modifications and other uses will become
apparent to those skilled in the art. Therefore the present
invention should be limited not by the specific disclosure
herein, but only by the appended claims.

What 1s claimed 1s:

1. A circuit for providing power factor correction com-
prising;:

a boost converter circuit having a boost inductance and a
power lactor correction switch coupled 1n series with
the boost inductance, the boost inductance and power
factor correction switch being coupled across the out-
put of a rectifier being supplied with AC power from an
AC line, the boost converter circuit further comprising
a boost diode coupled to a junction between the 1nduc-
tor and the switch, an output of the boost diode coupled
to an output capacitor, a DC bus voltage being provided
across the output capacitor,

turther comprising a control circuit recerving as inputs a
rectified AC mput voltage from the rectifier, a signal
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proportional to current through the inductor and the DC
bus voltage across the capacitor, and wherein the
control circuit provides a pulse width modulated signal
to control the on time of the PFC switch,

further comprising an enable/disable circuit receiving as

inputs the rectified AC input voltage and the DC bus
voltage, the circuit imnstantaneously comparing the rec-
tified AC input voltage and the DC bus voltage and
controlling the control circuit whereby the control
circuit provides the pulse width modulated signal to
control the PFC switch when the rectified AC 1nput
voltage 1s less than the DC bus voltage and disables the
generation of the pulse width modulated signal to the
PFC switch when the rectified AC input voltage 1s
greater than DC bus voltage.

2. The circuit of claim 1, wherein the enable/disable
circuit recerves digital mputs or analog mputs comprising
the rectified AC 1nput voltage and the DC bus voltage from
an A/D converter or from analog signal processing circuit
and provides an enable/disable output to a PWM comparator
of the control circuit.

3. The circuit of claim 2, wherein the control circuit
comprises a voltage regulator loop receiving an mput target
voltage and the DC bus voltage and providing an error
voltage output, and further comprising a current regulator
receiving the error voltage output, the rectified AC input
voltage and inductor current signal as inputs and providing,
an output signal to the PWM comparator.

4. A method for providing power factor correction 1n a
boost converter circuit, wherein the boost converter circuit
has a boost inductance and a power factor correction switch
coupled 1 series with the boost inductance, the boost
inductance and power factor correction switch being
coupled across the output of a rectifier supplied with AC
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power from an AC line, the boost converter circuit further
comprising a boost diode coupled to a junction between the
inductor and the switch, an output of the boost diode coupled

to an output capacitor, a DC bus voltage being provided
across the output capacitor, further comprising a control
circuit recerving as mnputs a rectified AC mput voltage from
the rectifier, a signal proportional to current through the
inductor and the DC bus voltage across the capacitor, and
wherein the control circuit provides a pulse width modulated
signal to control the on time of the PFC switch,

the method comprising instantaneously comparing the
rectified AC 1put voltage and the DC bus voltage and
controlling the control circuit whereby the control
circuit provides the pulse width modulated signal to
control the PFC switch when the rectified AC 1nput
voltage 1s less than the DC bus voltage and disables the
generation of the pulse width modulated signal to the
PFC switch when the rectified AC input voltage 1is
greater than DC bus voltage.

5. The method of claim 4, further comprising receiving
digital inputs or analog inputs comprising the rectified AC
input voltage and the DC bus voltage from an A/D converter
or from analog signal processing circuit and providing an
enable/disable output to a PWM comparator of the control
circuit.

6. The method of claim 5, further comprising receiving an
input target voltage and the DC bus voltage and providing an
error voltage output, and further comprising receiving the
error voltage output, the rectified AC voltage and 1inductor
current signal as iputs and providing an output signal to the
PWM comparator.
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